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LIGHT EMITTING DIODES (LED) TO PRODUCE VITAMIN D IN HUMAN 
SKIN FOR TREATMENT OF VITAMIN D DEFICIENCY 
ANGELINE VERONIKIS  
ABSTRACT 
	
Vitamin D is a fat-soluble vitamin that has proven to be extremely important for 
human health. Vitamin D has important functions that regulate calcium and phosphate 
absorption from the gastrointestinal tract. The regulation of calcium and phosphorus 
metabolism is extremely important for the maintenance of the structural integrity of the 
human skeleton, neuromuscular function and a wide variety of metabolic processes. A 
major source of vitamin D for most children and adults if exposure to sunlight. During 
sun exposure 7-dehydrocholesterol in the epidermis and dermis absorb solar ultraviolet B 
radiation with wavelengths of 290-315nm. This results in it being converted to 
previtamin D. Once formed, the thermodynamically unstable previtamin D is isomerized 
to vitamin D. Vitamin D is then hydroxylated in the liver and the kidneys to its active 
form before it can act as a homeostatic regulator of calcium and phosphorus metabolism. 
There are certain patients who do not respond well to vitamin D supplements because 
they suffer from fat malabsorption syndromes such as cystic fibrosis, Crohn’s disease and 
ulcerative colitis. In addition, gastric bypass patients have difficulty in absorbing dietary 
and supplemental vitamin D. One approach for treating vitamin D deficiency in these 
patients is to recommend that they be exposed to artificial UVB radiation either from a 
tanning bed or from a Sperti vitamin D producing lamp. Novel ultraviolet emitting light 
emitting diodes (LED) have emerged as a promising solution because of their size, 
	
	 vii 
efficiency, and ability to use narrow band UV radiation. A LED has been developed to 
emit narrowband UVB radiation with a peak wavelength of that 295nm. 
 This thesis provides evidence that this novel UVB-LED is able to cause 
the photo-conversion of 7-deyhdrocholesterol to previtamin D3 in vitro, using 7-
dehydrocholesterol containing borosilicate ampoules as positive controls, as well as 
produce vitamin D3 in surgically obtained type II human skin. Results from this study 
suggest that vitamin D producing LEDs can be developed for the treatment of vitamin D 
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Historical Role of Vitamin D  
 
Vitamin D is a very important hormone, and possibly one of the oldest hormones 
in existence1. Energy from the sun has always been important for the survival of the food 
chain1.  Phytoplankton used the sun’s energy to produce sugar as their nutrients using 
photosynthesis1. These phytoplankton have existed for upwards of 500 million years and 
have continued to survive and remained unchanged1. It was discovered that these 
phytoplankton contained a rather large amount of ergosterol, a vitamin D2 precursor1. 
These organisms also used sunlight to produce vitamin D2 from ergosterol following their 
exposure to sunlight, specifically Ultraviolet B (UVB) radiation2. The importance of 
ergosterol and vitamin D2 is not known in these phytoplankton, but one proposed 
function is ergosterol and its photoproducts absorb this UVB radiation and is converted to 
vitamin D2 in order to protect DNA and RNA from UVB radiation because they are 
sensitive to such radiation2. After ergosterol is exposed to UVB radiation, previtamin D2 
is produced which has a peak absorption at 260nm, which is identical to the peak 
absorption for DNA and RNA. When previtamin D2 is exposed to UVB radiation it is 
converted to tachysterol22. Tachysterol2 has an absorption spectrum around 280nm, which 
allows it to absorb this UVB radiation and protect certain amino acids, tyrosine and 
tryptophan, that have the same absorption spectrum2. These organisms used ergosterol, 
previtamin D2, and other photoproducts to act like a sunblock to absorb UVB radiation 
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present in sunlight and prevent damage to or the rearrangement of the double bonds 
present in nucleic acids and amino acids2.  
As evolution continued, single celled organisms evolved into multicellular, 
complex organisms with skeletons which enabled these organisms to move from ocean 
life to become land-dwelling organisms1. One of the complications of this evolution is 
that these organisms needed to develop a hormone regulatory system for calcium 
metabolism; this was not needed for ocean life where many calcium was plentiful in 
ocean water1,3. Another speculation for the importance of ergosterol is that if it is present 
in the plasma membrane of cells, then its structure will go from rigid to a more flexible 
vitamin D2 after absorbing UVB radiation2. This increase in flexibility could allow ions 
to enter and exit the cell, and this could have been the basis of why humans rely on sun 
exposure for ion homeostasis2. The major source of vitamin D for most land-dwelling 






Figure 1. Sunlight or UV radiation can convert ergosterol into previtamin D2 and 7-
dehydrocholesterol can be converted into previtamin D3 after exposure to sunlight or a 
UV light source. Previtamin D2 and previtamin D3 will turn into Vitamin D2 and vitamin 













Discovery of Ultraviolet B Radiation for Preventing Rickets   
The industrial revolution benefitted society in terms of advancing production, 
however, the major movement of people from farms to cramped cities with increasing 
pollution due to the increased use of burning coal to run machinery and heat dwellings2. 
This resulted in a marked increase in air pollution. In addition, children and adults 
worked long hours and spent less time spent outside and had less sun exposure2. The 
marked decrease in exposure to sunlight had major negative impacts on growing children 
during the industrial revolution and caused skeletal deformities2. The skeletal deformities 
were known as rickets5. Rickets caused bowing of the long bones in the legs, alteration in 
chondrocyte maturation leading to widened growth plates at the end of the long bones, 
hypertrophy of the costochondral cartilage in the rib cage causing a rachitic rosary, 
growth retardation, delayed tooth eruption, and severe proximal muscle weakness2. 
Śniadecki was one of the first to make the connection between children living in 
industrialized areas who experienced a lack of sun exposure and rickets2. Additionally, he 
observed that children living in rural areas, where children are receiving adequate sun 
exposure, were not suffering from rickets2. The negative impacts of lack of sunlight also 
caused women to have deformed pelvises, which caused severe difficulty with natural 
delivery of their children5.  
In the late 1800s, it was noted that children living in third world countries were at 
less of a risk for developing rickets as compared to children living in developed cites, 
who were at much higher risk for developing rickets5. The difference in the overall risk 
for developing this skeletal condition where exposure to sunlight was a major difference 
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suggests that sunlight is extremely important for the development and maintenance of the 
human skeleton.   
In the early 1900s, Huldschinsky studied children with rickets and he found that 
exposing these children a mercury arc lamp, dramatically improved their rickets within a 
few months2. He also realized that exposing one of the child’s arms to this mercury arc 
lamp actually ended up improving the rickets in both the arm exposed to the lamp and the 
arm not exposed to the lamp2. Huldschinsky was able to conclude that there was 
something happening in the skin exposed to the mercury arc lamp, and a compound that 
was made in this skin that was helping the bones in the child’s arm was probably entering 
the circulation and causing systemic improvement of the child’s skeleton2. A few years 
later in the early 1920s, Hess and Ungar were working with children with rickets and they 






Figure	2.	Skeletal deformities observed in rickets. (A) Photograph from the 1930s of a 
sister (left) and brother (right), aged 10 mo. And 2.5 y, respectively, showing 
enlargement of the ends of the bones at the wrist, carpopedal spasm, and a typical 
“Taylorwise” posture of rickets. (B) The same brother and sister 4 y later, with classic 
knock-knees and bow legs, growth retardation, and other skeletal deformities. Holick, 






Steenbock and colleagues demonstrated that the irradiation of foods imparted 
antirachitic activity6. This led initially to adding ergosterol to milk followed by UV 
irradiation, which imparted in a rachitic activity6. This was followed by adding UV 
irradiated ergosterol to milk which had the same effect. Finally, vitamin D2 was produced 
from the irradiation of ergosterol in yeast and this was then added to milk2. This 
technique was rapidly adopted in many countries in Europe, including the United 
Kingdom2. After realizing that the UVB radiation present in sunlight was the major 
contributor to improved vitamin D status, the United States also established a government 
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agency whose goal was to recommend responsible sun exposure for children to make 
vitamin D3, which would subsequently improve their bone health2. All of these changes, 
sensible sun exposure recommendations and food fortifications, positively contributed to 
majorly lowering the incidence of rickets in children2,7.  
Photobiology of Vitamin D 
Humans have 7-dehydrocholesterol (7-DHC) present in the epidermal and dermal 
skin layers, specifically within the keratinocytes and dermal fibroblasts, and 7-DHC 
absorbs solar UVB radiation which has wavelengths between 290-315nm, and all 
radiation present below 290nm is absorbed by the ozone layer in the sky1,8. 7-DHC, also 
known as provitamin D3, is photolyzed to a S-cis, S-cis confirmation of previtamin D38. 
This occurs because energy from the ultraviolet B radiation (UVB; 290-315nm) is 
absorbed by the double bonds present in 7-DHC, which then open to form previtamin 
D38. There are two conformers of previtamin D3. The S-cis, S-cis form of previtamin D3 
is thermodynamically unstable, and it isomerizes to vitamin D38. The S-trans, S-cis 
conformer of previtamin D3 is more thermodynamically stable however it is unable to 
convert to vitamin D3; only the S-cis, S-cis confirmation of previtamin D3 is able to 
undergo thermal conversion to vitamin D38. When 7-DHC in the plasma membrane is 
exposed to ultraviolet radiation only the S-cis, S-cis confirmation of previtamin D3 will 
be stabilized by van der Waals interactions within the plasma membrane of the cells, and 
this allows for the S-cis,S-cis conformer to be thermally converted efficiently to vitamin 
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D38.  Once formed vitamin D3 is ejected from the plasma membrane and eventually enters 
the dermal capillary bed for transport to the liver where is it converted to 25-
hydroxyvitamin D38.  
Figure	3.	Photolysis of provitamin D3 (pro-D3. 7-dehydrocholesterol) into previtamin D3 
(pre-D3) and its thermal isomerization to vitamin D3 in hexane and in lizard skin at 25°C. 
In hexane pro-D3 is photolyzed to s-cis, s-cis pre D3. Once formed, this energetically 
unstable conformation undergoes a conformational change to the s-trans, s-cis-preD3. 
Only the s-cis,s-cis-preD3 can undergo thermal isomerization to vitamin D3. The s-cis,s-
cis conformer of pre-D3 is stabilized in the phospholipid bilayer by hydrophilic 
interactions between the 3β-hydroxyl group and the polar head of the lipids, as well as by 
the van der Waals interactions between the steroid ring and side-chain structure and the 
hydrophobic tail of the lipids. These interactions significantly decrease the conversion of 
the s-cis, s-cis conformer to the s-trans, s-cis conformer, thereby facilitating the thermal 
isomerization of the s-cis, s-cis-preD3 to vitamin D3. Holick, copyright 1995. Reproduced 
with permission9. 
9 
Use of Artificial UVB sources for Vitamin D Deficiency 
Although UVB radiation as a consequence of sun exposure helps vitamin D 
status, there is evidence that children with darker skin tones required longer times of sun 
exposure to have similar radiologic improvement of their rickets compared to children 
with lighter skin tones2. In response to sun exposure, the cells in melanocytes, present at 
the junction between the epidermal skin layer and the dermal skin layer, which act as a 
natural sunscreen to protect the nucleic acids present in DNA from absorbing the harmful 
UVB photons as UV photons are higher in energy and are able to penetrate the skin10. 
These melanocytes will produce a protein called melanin which will be deposited in the 
epidermal skin layer to act as a layer of protection to stop UVB absorption into the skin, 
which will subsequently decrease the amount of vitamin D3 produced10. If nucleic acids 
absorb these UVB photons the consequence may by the formation of pyrimidine dimers 
within the bases of DNA, most commonly between thymine and cytosine10. This is 
problematic because DNA replication will not proceed normally if the bases are not 
paired with their proper match, and mutations will occur at a greater rate. These 
mutations can put a person at greater risk for developing certain cancers10. However, it is 
important to be mindful of the risks of UVB radiation exposure and proceed with caution 
in the form of sensible sun exposure, meaning only what is necessary for maintaining 
adequate levels of vitamin D.  
The utilization of the mercury arc lamps by Huldschinsky paved the way for the 
development of more advanced UVB photon emitting lamps known as the Sperti lamp 
10 
that was available in pharmacies throughout the United States in the 1930s and 1940s for 
the treatment and prevention of rickets11. This lamp was then re-designed into the Sperti 
D/UV-Fluorescent lamp11. This was revolutionary because the bulbs used in this Sperti 
lamp allowed for large areas of skin exposure while also having a lower heat emissions11. 
The Sperti lamp also came with a timer to regulate exposure times, which made using 
these UV emitting lamps much safer for use11. The Sperti lamp was effective in raising 
the serum 25-hydroxyvitamin D3 levels in healthy adults11.  
Additionally, adults who frequented tanning beds were found to have high serum 
25-hydroxyvitamin D levels, and higher bone densities than people who did not frequent
tanning beds12. Tanning beds also have the broad spectrum UVB radiation that is present 
in sunlight, so exposure to this UV radiation this will mimic the effects of sunlight on 
human skin and account for higher serum vitamin D levels in adult tanning bed users.  
Light Emitting Diodes (LEDs) were initially developed to emit visible radiation. 
Over the past decade, several laboratories were able to develop LEDs that emit ultraviolet 
radiation. This provided an opportunity to develop a LED that emitted ultraviolet 
radiation that maximizes the production of vitamin D313,14.  MacLaughlin et al 
demonstrated that a maximum possible conversion to previtamin D3 in human skin can be 
around 60 ± 5 percent when the skin was exposed to 295 ± 2nm compared to a maximum 
possible conversion of 15 to 20 percent in human skin exposed to broad spectrum 
ultraviolet radiation from natural sunlight15.  Therefore, an LED was developed to emit 
295 ± 5nm radiation.  This UVB-LED was reported to be more efficient than sunlight in 
converting 7-DHC to previtamin D315. These UVB-LEDs are more efficient and thus take 
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less time to produce more vitamin D3 in human skin as compared to an hour of sunlight 
exposure15.16.  
 In special conditions, such as in patients with malabsorption syndromes, a Sperti 
lamp may be used for these patients to have adequate serum vitamin D levels16. Such 
malabsorption syndromes may include cystic fibrosis and short bowel syndrome, as these 
patients are typically vitamin D deficient17. Patients with malabsorption syndromes are 
more likely to develop conditions such as osteomalacia and osteoporosis due to their 
chronic vitamin D defieincy17. Patients with Cystic Fibrosis have pancreatic exocrine 
insufficiency, which dramatically decreases their ability to absorb fat-soluble vitamins, 
such as vitamin D17. Chandra et al. examined whether a Sperti lamp with an ultraviolet 
spectrum similar to the broad spectrum of natural sunlight would be able to increase 
serum 25-hydroxyvtamin D levels in patients with malabsorption syndromes17. Chandra 
et al. concluded that ultraviolet radiation was indeed able to raise serum vitamin D3 levels 
cutaneously using a broad-spectrum lamp17. In an attempt to aid this group of patients 
with these malabsorption syndromes, nitride-based UV LEDs are becoming more popular 
as a potential solution to this obstacle9.  Lehmann et al. demonstrated that the dose of 
UVB radiation and vitamin D produced from these LEDs will increase as dose 
increases14. The ideal range of wavelengths for cutaneous vitamin D production using 










Metabolism of Vitamin D  
After vitamin D3 is ejected from the plasma membrane of the keratinocytes and 
enters the capillary network19. Eventually it makes its way into the systemic circulation 
where it is transported to the liver, by the vitamin D binding protein 19. The first 
hydroxylation occurs in the liver and the second hydroxylation occurs in the kidney5. In 
the liver, vitamin D2 and vitamin D3 are hydroxylated at the 25th carbon in their ring 
system by an enzyme in the liver called vitamin D-25-hydroxylase (CYP2R1)19. This 
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hydroxylation reaction produces 25-hydroxyvitamin D. The 25-hydroxyvitamin D 
molecule is what is used to measure a patient’s vitamin D status19. The newly formed 
25(OH)D is bound to the vitamin D binding protein and it makes its way to the kidneys, 
specifically in the proximal tubule, where it is hydroxylated again by an enzyme known 
as 25(OH)D-1α-hydroxylase (CYP27B1) to form 1,25-dihydroxyvitamin D19. The second 
hydroxylation has additional importance because this hydroxylation reaction converts 25-
hydroxyvitamin D to 1,25 dihydroxyvitamin D, which is considered to be the active form 
of vitamin D35. This second hydroxylation reaction to form 1,25-dihydroxyvitamin D is 
highly regulated16. Some of the regulators enhance the activity of CYP27B1, and they are 
parathyroid hormone, hypocalcemia, hypophosphatemia19. There are also inhibitors of 
CYP27B1, which are fibroblast growth factor-23 and 1,25-dihydroxyvitamin D 
(1,25(OH)2D)19. It is also important to note that in addition to an enzyme that can activate 
vitamin D, there is also an enzyme that can inactivate vitamin D. This is important in 
maintaining homeostasis in the human body. This inactivating enzyme is known as 24-
hydroxylase6. In the body, 24-hydroxylase works by adding a hydroxyl group to 
(1,25(OH)2D), and it is present in most cells and the kidneys6. The activation and 
inactivation of vitamin D is crucial for the maintenance of mineral homeostasis in the 
body.  
One of the major functions of (1,25(OH)2D) is to maintain serum calcium and 
phosphorus levels in homeostasis so that metabolism and bone mineralization are 
regulated properly19. 1,25(OH)2D will interact with its nuclear receptor, vitamin D 
receptor (VDR) in the gastrointestinal tract, specifically the small intestine, and it will act 
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to increase calcium absorption from around 10 percent to upwards of 40 percent19. 
1,25(OH)2D will also influence intestinal phosphorus absorption, increasing its 
absorption up to 80 percent19. In addition to intestinal calcium absorption, 1,25(OH)2D 
will also act on the kidney tubules to promote the reabsorption of calcium that is present 
in the glomerular filtrate19.  Another crucial function of 1,25(OH)2D is its interaction with 
osteoblasts, which causes them to stimulate a receptor that activates the NFκB ligand, 
also known as RANKL19. This ligand is produced by osteoblasts, and this ligand interacts 
with its receptor, RANK, which is present on monocytes or immature osteoclasts that 
influences these immature osteoclasts to develop into mature osteoclasts, whose job is to 
resorb bone19.  This is important because the resorption of bone will cause the release of 
calcium and phosphorus into the blood to maintain the serum levels of each mineral19. 
The VDR is present in numerous cells in the human body and many organs also have the 
ability to make 1,25(OH)2D, so this represents how important an adequate serum 




Figure 5. Schematic representation for synthesis and regulation of vitamin D. 
Dietary vitamin D (vitamin D) and pro-vitamin D synthesized in skin under UV light 
reaches the liver via the blood stream after binding with vitamin D binding protein 
(VDBP). Hydroxylation of vitamin D mainly with Cyp2R1 (vitamin D 25 hydroxylase) 
results in the formation of calcidiol (25(OH)D) which is further hydroxylated with 
Cyp27B1 (1 α-hydroxylase) in the kidney to form calcitriol (1,25(OH)2D3)-the 
biologically active form of vitamin D. The activity of Cyp27B1 is regulated by the 
plasma levels of calcium, phosphate, parathyroid hormone (PTH), fibroblast growth 
factor-23 (FGF23) and 1,25(OH)2D3 itself. RXRα-retinoid X receptor-α, VDR-vitamin D 






Sources of Vitamin D  
 This fat-soluble vitamin is extremely important, almost more important than we 
realize. There are some foods that naturally contain vitamin D including some fatty fish 
like salmon, but there is only around 200 international units (IU) of vitamin D per 100 
grams of farmed salmon and 500 IU per 100 grams of wild caught salmon1,21. Other 
foods that naturally contain vitamin D are mackerel, herring, and cod liver oil1,21. 
Additionally, juices and dairy products are fortified with vitamin D, and daily 
multivitamins contain around 1000 IU of vitamin D21. Since not many foods naturally 
contain vitamin D, this makes it difficult to get enough vitamin D from diet alone. The 
Institute of Medicine recommends taking 600 international units (IU) per day for people 
in the age range of 1-70 years old, and 800 IU per day for people 71 years or older22. 
There are many supplements on the market right now with varying amounts of vitamin D, 
these include supplements containing 400, 1000, 2000, 4000, 5000, and 50,000 IU of 
vitamin D321. Vitamin D may also be given as a pharmaceutical to be prescribed by a 
physician, but this is only available in 50,000 IU and as vitamin D221. This is of no 
consequence because both vitamin D2 and vitamin D3 are suitable sources of vitamin D4. 
It is sometimes very difficult to obtain vitamin D from dietary sources consistently, and 
because of this vitamin D deficiency has become a major problem today5. With all these 
possible ways of obtaining vitamin D, studies have also shown that patients with fat 
malabsorption syndromes such as Cystic Fibrosis or Crohn’s disease are at high risk for 
vitamin D deficiency because they are not able to absorb nutrients in their small intestine 
like someone without these conditions would19.  
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Figure 6. Table of sources of Vitamin D1.  
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Consequences of Vitamin D Deficiency   
Since the major natural source of vitamin D for humans is sunlight, the increasing 
negative attitudes against sun exposure cause us to cover up and stay inside which limits 
the possibility of making vitamin D from the sun5,19. Thus, vitamin D deficiency has 
become a major issue in our population today. It is also important to realize that vitamin 
D deficiency can affect anyone at any age19. In addition to lack of sun exposure, obesity 
can also be a cause of vitamin D deficiency due to the fact that vitamin D, a fat-soluble 
vitamin, will hide in the adipocytes rather than be present in the serum where its benefits 
may be taken advantage of19. There is also an inverse relationship between the amount of 
cutaneous 7-DHC and the conversion of 7-DHC to previtamin D with age, so the older 
we get the more crucial vitamin D status is for our health23. With any vitamin or mineral 
deficiency comes consequences.  
Vitamin D deficiency causes skeletal consequences since vitamin D aids in 
calcium absorption from the gastrointestinal tract; this calcium can then be deposited into 
the bones, which can result in a stronger more resilient skeleton19. In order for someone 
to be considered vitamin D deficient, their serum 25-hydroxyvitamin D level must be less 
than 20ng/mL22,23. A person with a serum 25-hydroxyvitamin D level above 20ng/mL, 
but lower than 30ng/mL, would be considered to be vitamin D insufficient, and a serum 
level above 30ng/mL would make someone vitamin D sufficient22,23.  As mentioned 
above, vitamin D deficiency in children can cause growth delay or rickets in children, but 
in adults it can cause osteopenia and osteoporosis, which results in a much higher risk for 
bone fracture23. This weakening of the bones is a result of a defect in bone mineralization 
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that comes with vitamin D deficiency23. With less mineralization, the structural integrity 
of the human skeleton is compromised and many problems can arise. Furthermore, 
patients may have osteomalacia which can cause bone pain that is not isolated to a certain 
region in their body, which can be extremely uncomfortable and frustrating as it is often 
misdiagnosed23. Muscle weakness is also common in people who are vitamin D deficient, 
and muscle weakness causes less body stability and a decreased ability to maintain 
balance and prevent a fall23.  
The consequences of vitamin D deficiency that span wider than the skeleton. 
Previous studies showed that people who lived further north or in areas where sun 
exposure is less common are more at risk to die of certain cancers8. People in these 
populations are typically vitamin D deficient and this puts these people at increased risk 
for developing breast or prostate cancers, and that vitamin D supplementation can 
decrease their risk for developing these types of cancers8. Additionally, those living in 
regions further from the equator who do not receive sunlight that is capable of producing 
vitamin D in the skin in the winter are at higher risk for developing cardiac conditions 
due to higher serum cholesterol in the winter versus in the summer months10.  
Vitamin D deficiency also results in a deviation from physiologic homeostasis. In 
times of vitamin D deficiency, less gastrointestinal calcium and phosphorus are absorbed 
and thus there is not as much mineral available for deposition into the skeleton5. Calcium 
and phosphorus are also critically important for neuromuscular function5. Another 
problem that arises from low serum levels of 25(OH)D, is that parathyroid hormone 
levels increase; the consequence of this increase in parathyroid hormone will cause an 
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increase in bone calcium loss by causing increased bone turnover, which may lead to 
osteoporosis over time5. With a steady, adequate serum 25(OH)D level, parathyroid 
hormone levels will remain at homeostatic levels5. Furthermore, 1,25(OH)2D can act as 
an immunomodulator and it can reduce the production or cytokines which have been 
associated with destroying islet cells in the pancreas and this may contribute to the 
development of Type I diabetes5,24. Vitamin D has many roles in the human body, so it is 
important to find ways for everyone to maintain their serum 25(OH)D levels whether it is 








Figure 7. A schematic representation of the major causes of vitamin D deficiency and 
potential health consequences. AODM, adult onset diabetes mellitus; CHD, coronary 
heart disease; FEV1, forced expiratory volume in 1 s; HAART, highly active 
antiretroviral therapy; HBP, high blood pressure; MS, multiple sclerosis; RA, rheumatoid 





Vitamin D deficiency is a major problem today. The amount of time people spend 
in the sun has been limited in recent years, and not to mention patients who must rely on 
cutaneous production of vitamin D3 because they suffer from fat malabsorption 
syndromes. This puts everyone at risk for vitamin D deficiency. It has been shown in the 
past that UVB radiation is the main player in the photo-conversion of 7-DHC present in 
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human skin, and novel UVB-LEDs have become more popular. The present study was 
performed using a narrow band commercially available UVB-LED that emitted radiation 
with a peak wavelength of 295 nm. In this study, exposure of borosilicate ampoules 
containing 7-DHC and 1 cm2 pieces of type II human skin were exposed to 295nm UVB-
LED radiation at various energy levels in order to determine the efficiency for producing 
previtamin D3 and vitamin D3. The results from this study can be used in the future for 
the possible development of a portable, easy to use LED device that may be placed on the 
skin to produce vitamin D3 to treat and prevent vitamin D deficiency in patients with fat 
malabsorption syndromes.  
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A commercially available UV-LED device provided by RayVio (Hayward, CA 
USA) with four narrow band UVB-LEDs was used for 7-DHC ampoule and type II 
human skin exposures. The LED device was connected to a power supply also provided 
by RayVio (Hayward, CA USA). The power supply was specifically set to 50 millivolts 
and 10 milliamps for each experiment done on borosilicate ampoules and on the human 
skin samples. In order to measure the energy output of each LED in the device, a digital 
UV Solarmeter was placed at same the distance each sample would be placed at for its 
exposure, 10mm ±1mm away from the LED, to measure the energy output of the LED 
used in the experiment (Solar Light Company Inc. Glenside PA, USA).  
The measurements obtained from the Solarmeter were given in Minimal 
Erythema Doses (MED), but this value was converted to mJ/cm2for the purpose of this 
study. 1 MED has an energy equivalence of 15.6 mJ/cm2.  Human skin, type II on 
Fitzpatrick scale, was obtained from three healthy individuals who have undergone a 
plastic surgery operation at the Surgery Department at Boston University Medical Center. 
Since type II skin was the most plentiful sample obtained, these samples were the ones 
that were able to be cut into duplicate to be used for analysis. The recovery of the tissue 
samples from these healthy patients were approved by the Institutional Review Board 
(IRB) at BUMC, and thus the skin samples are deidentified for privacy purposes. 
Borosilicate ampoules (Wheaton. Millville, NJ, USA) containing 50µg of 7-DHC 
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dissolved in 1mL of ethanol were used as positive controls for this experiment. High 
Performance Liquid Chromatography (HPLC) was used for the sample analysis. HPLC 
separates liquid compounds based on their relative solubilities. The photoproducts of 7-
DHC after UVB-LED radiation have different solubilities and are able to effectively be 
separated during sample analysis.    
 
 
Sample Exposures  
  To test the efficiency of the four UVB-LEDs, one ampoule was placed on top of 
each LED at a distance of 10mm ±1 mm away from the LED, and each ampoule was 
exposed to 3.2 MEDs or 49.92 mJ/cm2 of UVB radiation. Next, three ampoules were run 
in duplicate on each LED for 0.75 MEDs (11.7 mJ/cm2) and 3 MEDs (46.8mJ/cm2) to 
determine if the LEDs are statistically different in producing pre-vitamin D3 from 7-DHC 
in the ampoules. The ampoules were placed on top of the LEDs on top of an opening of 
1cm2 for each round of UVB exposure. The ampoules exposed to UVB radiation served 
as positive controls. Finally, three pieces of type II human skin with an area of 4cm2 are 
cut into smaller pieces to equal an area of 1cm2, and these pieces of skin were placed on 
top a quartz dish, which still allows penetration of UVB radiation. The quartz dish 
containing the human skin sample was then placed on top of a plastic apparatus 
containing 1cm2 opening. The LED was placed underneath the 1cm2 opening in the 
plastic apparatus to allow exposure of the samples. The distance between the UVB-LED 
device and the human skin sample is 10mm ± 1mm. The three human skin samples were 
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placed atop this 1cm2 opening and run in duplicate for an exposure to the narrow band 
LED radiation for a total of 3 MEDs of radiation, which is equivalent to 46.8mJ/cm2.  
 
 
Figure 8. Experimental setup using 7-DHC containing borosilicate ampoules for 





Figure 9. Plastic apparatus with 1cm2 opening used for skin sample exposures. The 











Sample Analysis  
After each borosilicate ampoule was exposed to its respective dose of UVB-LED 
radiation, 200µL of the 1mL solution present in the ampoule was extracted using a 
micropipette, placed in a test tube, and the 200 µL sample was dried under nitrogen gas 
until it is completely dry. The dried sample was then resuspended in 1mL of 0.8% 
isopropyl alcohol (IPA) in hexane. The sample was transferred to specific HPLC vials 
and placed inside the HPLC for sample analysis. The HPLC was run with a flow rate of 
1.5mL/minute to determine the amount of previtamin D3 produced in each ampoule after 
UVB-LED radiation exposure.   
After each type II skin sample was exposed to UVB-LED radiation, each skin 
sample was removed from the quartz dish and placed in a beaker of water that had been 
heated using a hot plate to a temperature of 60°C. The type II skin was heated for a 
maximum of 1 minute. This heating process acted to facilitate the separation of the 
epidermal skin layer from the dermal skin layer on each sample. After each sample had 
been heated in the beaker for 1 minute, a scalpel was used to gently scrape off the 
epidermal layer of the skin sample. After this careful separation, the dermis of each 
sample is subsequently discarded. The epidermal layer of each sample is kept for further 
analysis. Next, the epidermis is placed in a test tube containing 4mL of methanol. The 
sample must be submerged in the ethanol, and it is then sonicated for 20 seconds using a 
Sonicator (Tekmar. Mason, OH). After sonication, the sample is placed in a water 
incubator and it is incubated for a minimum of 16 hours, or overnight. The incubator is 
set to a temperature of around 50°C. This overnight incubation will catalyze the 
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conversion of the previtamin D3 present in the human skin to vitamin D3. After the 
overnight incubation, the supernatant containing the lipid extract from the human skin 
sample is decanted and dried under nitrogen gas until it is completely dry. The dried 
sample is then resuspended in 1mL of 0.8% IPA in hexane, it is centrifuged for 2 
minutes, the supernatant is decanted again, and re-dried under nitrogen gas. The re-dried 
sample was then resuspended in 130µL of 0.8% IPA in hexane. This sample was 
transferred to vials specific for HPLC analysis. The HPLC machine was run with a flow 
rate of 1.5mL/minute to determine the amount of vitamin D3 produced in each 1cm2 




Figure 10. Experimental setup for the type II human skin samples during UVB-LED 

















 To test the efficiency of the UVB-LEDs to produce previtamin D3, borosilicate 
ampoules containing 7-DHC in ethanol (50 mcg/mL). The ampoules were first exposed 
to the UVB-LED device for one hour with an energy exposure of 49.9mJ/cm2 (3.2 MED). 
Each ampoule had a percent previtamin D3 production ranging between 8-10% with a 
mean percent production of 9.2% ± 0.8 (Table 1).  The previtamin D3 was detected in the 
HPLC at a wavelength of 265nm and the remaining 7-DHC was detected in the HLPC at 
a wavelength of 280nm. The HPLC chromatogram in Figure 10 represents the production 
of previtamin D3 from 7-DHC when run as a positive control after exposure to 




Table 1: Ampoules exposed to LEDs 1-4 at 49.9mJ/cm2 of UVB-LED radiation.  










Ampoule #1 76.0 8.4  
9.2 
 
0.8 Ampoule #2  88.4 8.8 
Ampoule #3  86.6 9.5 






Figure 11. HPLC chromatogram representing previtamin D3 and 7-DHC peaks in the 
positive control 7-DHC borosilicate ampoule sample exposed to 49.9mJ/cm2 of UVB-





Figure 12. Absorption spectra taken from sample analysis using the HPLC of previtamin 




The percent production of previtamin D3 in borosilicate ampoules at different 
energy levels in two of the LEDs on the LED device used in this study showed that 
production is dose dependent. Percent production of previtamin D3 from 7-DHC at an 
energy exposure of 11.7mJ/cm2 (0.75 MED), which was obtained after 30 seconds using 
this UVB-LED results in an average percent previtamin D3 production of 1.17 ± 0.16 
(Table 2). Whereas an energy exposure of 46.8mJ/cm2 (3 MED), which was obtained 
after 2 minutes results in an average percent previtamin D3 production of 4.5 ± 1.6 (Table 
2). This demonstrates that exposure to this type of UVB-LED radiation can result in a 
dose dependent increase in previtamin D3 production from 7-DHC in the borosilicate 
ampoules (Table 2). Higher energy exposure resulted in a higher mean percent 
production of previtamin D3 as compared to a lower energy exposure level (Table 2, 
Figure 12).  
Table 2: Ampoules exposed to LEDs for 11.7mJ/cm2 and 46.8mJ/cm2. 
LED Previtamin D3 
percent production 
Average Production 
of Previtamin D3  
Standard Deviation 
Energy: 11.7mJ/cm2 
LED #1 1.1 1.2 0.2 
LED #4 1.3 
Energy: 46.8mJ/cm2 
LED #1 4.5 4.5 0.2 
LED #4 4.5 
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Figure 13. Mean percent production of previtamin D3 in 7-DHC containing borosilicate 
ampoules at the three different and increasing energy levels tested. Energy levels 
presented are in mJ/cm2. A correlational study was performed, and the correlation 
coefficient is 0.78, demonstrating a strong positive correlation between energy level and 
previtamin D3 production.  
After showing that the UVB-LEDs can produce previtamin D3 from 7-DHC in 
borosilicate ampoules, which served as positive controls, surgically obtained human skin 
samples were exposed to the UVB-LEDs. The HPLC analysis of three type II human skin 
samples, run in duplicate, after exposure to UVB-LED radiation showed vitamin D3 
production from 7-DHC when exposed to 46.8mJ/cm2 (3MEDs) radiation (Figure14). 7-
DHC containing borosilicate ampoules were also exposed to 46.8mJ/cm2 of UVB-LED 
radiation to serve as positive controls for the skin (Figure 13). The vitamin D3 peak is 





































average percent production of vitamin D3 per 1cm2 duplicate piece of human type II skin 
ranged from 3.1 to 4.8% (Table 3). The mean percent production of vitamin D3 in the 
type II human skin samples was 3.7% with a standard deviation of 0.6. Although the 
amount of vitamin D3 represented in terms of ng/100µL, values obtained from the area 
under the curve on the HPLC, differed the percent productions remained in a similar 
range (Table 3). Vitamin D3 and 7-DHC peaks were observed in each skin duplicate that 
was run through the HPLC with the vitamin D3 peak appearing around 13 minutes. The 
absorption spectra confirmed that vitamin D3 was present in the sample (Figure 14). The 
HPLC chromatographs shown in Figure 16 are only from the type II skin samples, which 
were divided into duplicate samples. Each skin sample showed a production of vitamin 
D3 after 46.8mJ/cm2 of UVB-LED irradiation.  
Table 3: Duplicate human type II skin samples exposed to 46.8mJ/cm2 of UVB-LED 
radiation to measure percent production of vitamin D3.  










Skin 1.1 31.0 3.1 
3.7 0.6 
Skin 1.2 26.7 3.3 
Skin 2.1 30.4 4.0 
Skin 2.2 19.9 4.8 
Skin 3.1 18.6 3.2 
Skin 3.2 26.0 3.8 
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Figure 14. HPLC chromatogram analysis of 7-DHC containing borosilicate ampoules 
run in triplicate after exposure to UVB-LED radiation with an energy of 46.8mJ/cm2.  
37 
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Figure 15. Three type II human skin samples run in duplicate (A-C) exposed to 46.8mJ/
cm2 of UVB-LED radiation. The vitamin D3 peak is visible in each duplicate sample set 
along with the corresponding absorption spectra of said vitamin D3 peaks, which is 
denoted using the arrow. 7-DHC is also still present in the skin samples after exposure.   
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Statistical Analysis  
 
Using SPSS, two tailed Pearson Correlation studies were used to find the 
correlation between production of vitamin D3 in skin type II compared with the 
production of previtamin D3 in the ampoules, and the correlation was found to have a 
correlation coefficient of r=0.85 and this had a p-value of 0.03, which is statistically 
significant since a p-value of 0.05 or less is considered to be statistically significant. 
There is a strong correlation between the LED’s ability to produce previtamin D3 in 
borosilicate ampoules and vitamin D3 in human skin. Using a two tailed T test, there was 
found to be a statistically significant difference in production of previtamin D3 in 
ampoules versus the production of previtamin D3 in the skin type II samples, which is 
shown by the p-value of 0.01.  
A two-tailed T test was done to assess whether the amount of previtamin D3 
produced in the ampoules at different energy levels was dose dependent, and at 
increasing energy levels it was found that there was a p-value of 0.04 between energy 
levels 11.7mJ/cm2 and 46.8mJ/cm2 and a p-value of 0.01 between energy levels 
46.8mJ/cm2 and 49.9mJ/cm2. These p-values are less than 0.05, meaning the results are 
statistically significant, and this indicates that there is a dose dependent increase in 
energy exposure and previtamin D3 produced in 7-DHC containing ampoules. Also, a 
correlational study was performed, and the correlation coefficient is 0.78, demonstrating 
a strong positive correlation between energy level and previtamin D3 production. The 
higher the correlation coefficient, the stronger the relationship between the two variables 






Figure 16. Mean previtamin D3 production ± SD in 7-DHC containing ampoules 
as compared to energy exposure of UVB-LED radiation. The p-value for production of 
previtamin D3 from 11.7mJ/cm2 to 46.8mJ/cm2 is 0.04, which is less than 0.05 and is 
statistically significant. The p-value from 46.8mJ/cm2 to 49.9 mJ/cm2 is 0.01, which is 










 Vitamin D is one of the most important vitamins for the maintenance of calcium 
and phosphorus homeostasis, bone mineralization, and many other health benefits4.  
 In this study, 7-DHC containing borosilicate ampoules containing 7-DHC were 
exposed to narrow band UVB-LEDs with a peak wavelength emission of 295nm to 
determine their efficiency in producing previtamin D3. It was observed that there was a 
dose-dependent increase in the production of previtamin D3 with increased exposure 
times. Surgically obtained type II human skin samples were exposed to the same LEDs. It 
was observed that the human skin samples that were exposed to the LED contained 
vitamin D3. Approximately 3.7% of the 7-dehydrocholesterol was converted to vitamin 
D3 after exposure to the UVB-LED. Previous studies have shown that exposure of human 
skin to UVB emitting LEDs can produce more than 2 times the amount of vitamin D3 as 
compared to sunlight16. Furthermore, the UVB-LED was more efficient than sun 
exposure in producing vitamin D3 in the skin16.  Morita et al. performed experiments 
using narrow range UV-LEDs on mice with in a range of 265nm to 315nm, and they 
demonstrated that in all mice exposed to UV radiation showed an increase as well as a 
maintenance in serum 25-hydroxyvitamin D levels25.  
Morita et al. also demonstrated that exposure to LEDs with peak wavelengths of 
316nm were less efficient at increasing the mouse’s serum 25-hydroxyvitamin D levels as 
compared to the other LEDs with peak wavelengths of 265nm, 282nm, 290nm, and 
305nm25. This provides more evidence that the most efficient wavelengths for production 
of cutaneous vitamin D3 lies between 265nm to 305nm. MacLaughlin et al. reported that 
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the optimal wavelengths for production of previtamin D3 in human skin was between 
295-300nm, specifically 297nm15. It was also reported that exposure of skin to UVB-
LED radiation resulted in a higher conversion of 7-DHC to previtamin D3 as compared to 
exposure to sunlight15,16.  
 Lo et al. reported that patients with malabsorption syndromes absorbed between 
0-28% of a single dose of 50,000 IUs of vitamin D2 as compared to participants with no 
malabsorption syndromes who absorbed upwards of 60% of the same dose of vitamin 
D26. There are a multitude of causes for fat malabsorption including inflammatory bowel 
disease, liver dysfunction and gallbladder disease among others26. Koutkia et al. reported 
a patient with Crohn’s disease who has severe osteomalacia and bone pain caused by 
severe vitamin D deficiency27. Exposure to a tanning bed that emitted ultraviolet B 
radiation resulted in an increase in the patient’s 25(OH) D level and reduction in the 
patient’s bone pain27.     
 Sunlight and UVB radiation exposure seem to be the most logical treatment plan 
for patients who cannot absorb vitamin D through their diet. It is known that if an adult 
wearing a swim suit is exposed to 1 minimal erythemal dose (MED) of stimulated 
sunlight in a tanning bed this adult will cutaneously make vitamin D3 that is equal to 
someone who ingests anywhere between 10,000 to 25,000 IU of vitamin D327. From this, 
we can assume that if 10% is exposed to the same energy this would be equivalent to 
ingesting 1000-2500IU of vitamin D327.  
  In this study I demonstrated that human skin can respond to UVB-LED radiation 
to efficiently produce vitamin D3. One potential weakness in the study was that only skin 
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type II was evaluated. However, based on previous observation that the UVB-LED was 
capable of producing vitamin D3 in all skin types it is highly likely that the observations 
made in this study can be related to all skin types. In the future, a device containing 
commercially available UVB-LEDs as was used in this study can be developed for the 
purpose of treating and preventing vitamin D deficiency in patients with fat 
malabsorption syndromes. In addition, the device could be used for producing vitamin D3 
in healthy adults who have a desire to obtain vitamin D more naturally by being exposed 
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